heat transfer rate from an isothermal vertical plate placed next to saturated high permeability porous media is studied experimentally and analytically. The media used arc polyurethane foams saturated with air. An integral method is applied in predicting the heat transfer rate by including the non-Darcy effects, which are expected to be significant for high permeabilities and high Rayleigh numbers. Good agreement is found between the experimental and predicted results except when the permeability is relatively low and the P&let number becomes very small. Although some of the permeabilities encountered are large, for the experimental conditions considered in this study the Rayleigh numbers are not very high; therefore, the non-Darcy effects are not significant.
INTRODUCTION
IN HIGH permeability media the boundary and inertia effects, not included in Darcy's model, may alter the velocity fields and heat transfer characteristics.
Therefore, it is necessary to determine the parameters defining the regimes over which these effects are important. For forced convection flows this has been done [14] , and it was shown that for Reynolds numbers based on a particle or pore size larger than unity a velocitysquared term must be added [l, 21 . Also, the viscous boundary layer develops very rapidly and then remains constant [3, 41 , and the Nusselt number decreases when the inertia and boundary effects become significant [3, 4] .
The vertical flat plate natural convection flow is treated in ref. [5] where a boundary layer and Darcy's approximations are applied and in refs. [6, 71 where the effects of axial conduction and the transverse pressure gradient are included (these effects were determined to be negligible for isothermal plates). The results show that the Nusselt number is independent of Prandtl number and depends on the RayleighDarcy number to the l/2 power. These are in contrast to the case where no solid matrix is present, which results in Prandtl number dependency and a l/4 power for the Rayleigh number.
In refs. [8, 91 the effect of the velocity-squared term (called the non-Darcy effect), which is based on experimental results for forced convection [2] , was included in the analysis. The results, which allow for velocity slip at the rigid boundary, show that the Nusselt number decreases as the non-Darcy effects become more pronounced and that it does not depend on the Prandtl number.
The boundary effect was included in ref. [lo] and it was found that this results in a smaller Nusselt number, but this difference decreased as the Rayleigh number increased. Recent efforts [l l] have included the effects of the inertia, boundary and the velocitysquared terms. The results showed that both the boundary term and velocity-squared term reduced the heat transfer rate.
Laminar natural convection heat transfer from vertical surfaces to saturated porous media has also been studied experimentally [lo, 121 . Table 1 shows the experimental conditions used in this and other experimental studies. The objective of this study was to examine the validity of the available predictions for high permeability porous media and over a large range of 5,. In some cases researchers have used water as the saturating fluid. Using water reduces the heat losses (through the back of the heated plate), it requires a closed system ; therefore, the heated water must be cooled before it returns to the heated wall. In consequence these experiments are generally cavity problems at high Rayleigh numbers.
In this study an integral approximation method, as was previously applied to Darcy's model [13] , is applied to the local volume-averaged conservation equations which include the non-Darcy effects. require a change of scale in transition from the Darcy to non-Darcy regime as required by the numerical schemes [l 11, and it is computationally very economical and stable for a large range of parameters. Also, this method leads to some closed form solutions. However, its application is limited to Prandtl numbers near unity. As a result of the analysis the Nusselt number for the case of an isothermal plate is determined.
EXPERIMENT

Vertical plate and porous media
The plate assembly consists of the following: a marinite block (30 x 30 x 5 cm), with a rectangular depression in the center of the 30 x 30 cm face, housed the heater plate assembly. In this depression were situated the following-an insulation foam (ensures that the strip heaters make good contact with the back of the aluminum plate), the strip heaters (ten in number), an aluminum plate (20 x 14 x 0.3 cm) and fasteners (to keep the aluminum plate in its place).
The voltages across the heaters were varied independently by means of individual signal conditioning circuits. The aluminum surface temperature was measured by ten thermocouples with their beads centered at a distance of roughly 1 mm from the surface.
The porous media were polyurethane foams of 30 x 30 x 46 cm. These media had five different permeabilities (or number of pores per inch, ppib namely 10, 45, 60, 80 and 100 ppi. The porosity for all of the foams was measured and was nearly 0.98.
Each foam was placed against the 30 x 30 cm face of the marinite block, so that the face of the aluminum plate was covered entirely. Thermocouples were placed at various vertical and horizontal locations and all were running along the isothermal line. It is very important that approximately the first 3 cm of the thermocouple wire did not pass through a large temperature gradient. For most cases the thermocouples were located at 2.1, 5.1, 8.1 and 11.1 cm from the bottom edge of the aluminum plate and were centered laterally on the plate.
Fiberglass insulation was placed around the marinite block and thermocouples were placed in various locations on the surface of the marinite and fiberglass in order to determine and reduce the heat losses. A data acquisition system consisting of a HP 3456A voltmeter, a HP 3497A scanner, and a HP 9817 computer was used.
The voltage across each heater was adjusted to achieve a uniform temperature across the plate. This was done at intervals of 45-60 min until a steady state was reached. Steady states were achieved in about 12-24 h.
Measurement of permeability
Permeability of the foams was measured using a setup consisting of a 1.60 cm Plexiglas tube with an inner diameter of 2.54 cm and a pressure tap at a distance of 68 cm from one end, a flowmeter, a water manometer, and two cylindrical pieces of polyurethane foam (samples) each 2.54 cm in diameter and 30 cm in length.
One end of the tube was open and the foam samples were placed between this end and the tap. The other end of the tube was connected to the air supply through the flowmeter. The unfilled portion of the tube acted as a diffuser. The tap was connected to the water manometer.
The experiments were conducted as follows :
(i) The flow rate was gradually increased to 5 1 min-' (the minimum readable value on the flowmeter). The reading of the water manometer was taken at this flow rate.
(ii) The flow rate was increased by a step of 5 1 min-' and the reading of the water manometer was taken again.
(iii)
Step (ii) was repeated until the flow rate reached a value of 60 1 min-'.
(iv) After step (iii) the flow rate was gradually decreased in steps of 5 1 min-' and the manometer reading taken again. This step was carried out to check consistency in results, which were found to be consistent.
(v) Steps (i>-(iv) were repeated using only one foam piece. This was done in order to detect any possible significant entrance or end effects, none of which were found. These steps were repeated for foams of different permeabilities (i.e. 10, 45, 60, 80 and 100 ppi).
Since very low flow rates could not be measured with this flowmeter, the permeability was calculated using a correlation which includes the second order effect [3], i.e. do ur F . Figure 1 shows the results. The intercept of the curve was taken as l/K and then F was calculated from the slope. Figure 2 shows the manufacturer? measured effective thermal conductivity for the foams in air. Although the porosity for all ppi is nearly 0.98, the effective thermal conductivity decreases with ppi ; therefore, the simple volume average of the thermal conductivities does not apply to these foams (at least at lower ppi).
Thermal conductivity
Source of errors
Although the magnitude of errors cannot be determined with sufficient confidence, the possible sources of error are given below.
(a) Variation in the ppi. The number of pores per inch is about + 10% of the value suggested by the manufacturer.
This affects the permeability and thermal conductivity values.
(b) Locations of the thermocouple bead. It is important to place the thermocouple as close to the heated plate as possible in order to obtain accurate heat transfer rates using the slope of the T(y) curve at y = 0. However, it was not possible to penetrate the thermocouples and their stainless steel casings through the foams such that they remained exactly parallel to the heated face of the foams. This was especially true for those thermocouples placed very close to the heated surface of the foam.
(c) Thermocouple wire. If the initial portion of the thermocouple wire passes through a region of significant temperature gradient, the readings become erroneous.
Therefore, the thermocouple wires must be laid along the isothermal lines.
(
The foam blocks were of finite size and the boundary conditions at the other five surfaces were not controlled. This causes two concerns. One is that the boundary layer must be well situated inside the foam. This was true for most of the experiments. The other is that the axial condition which is neglected in the boundary layer analysis will become important for low P&let numbers.$ Based on the predictions the maximum boundary layer thickness ranged from 7.9 to 33 cm, the maximum velocity ranged from 0.03 to 0.9 cm SK' and the maximum PI? ranged from 0.88 to 15.96. Therefore, at low PC?,, one expects the finiteness of the foam height (through its thermal and hydrot Scott, Foam Division, Eddystone, Pennsylvania. $ This is taken to be for distances far removed from the leading edge. The leading edge effects are not considered here. Fro. 1. The measured pressure drops for various foams. Also shown are the deduced permeabilities. dynamic boundary condition) to affect the upstream and, consequently, smaller heat transfer rates as heat transfer results.
shown in ref.
[ 111.
(ii) In a few locations where the thermocouples were inserted, extra voids were produced. However, since the voids caused were small and the foams were elastic enough such that these voids were further reduced after the withdrawal of the thermocouples, this effect is not considered significant.
INTEGRAL APPROXlMATE SOLUTION
As has been shown in ref.
[l I] the velocity profile changes with l, by moving from the conventional cubic form for <, = 0 to an exponential form for larger 5,. The exponential type profile overestimates the NuX by 40% at 1;, = 0 while resulting in the correct Nu, for large <,. The cubic form overpredicts the Nu, by 7% for 5, = 0 and underpredicts the Nu, by 20% at large c,. Here we choose the cubic form in favor of more accuracy at low r,. This profile is u = U(x)$-'(1-ys-')2. 
aT aT a2T "ax + "5 = cL"ayz.
The boundary conditions are :
T=T, aty=O T= T, fory-* co T= T, atx=O u=u=O aty=Oandy-,co
u=v=O atx=O.
In examining equation (2) we note that the nonDarcy terms are : (i) Inertia (convective) term: expected to be sig nificant near the leading edge. Also, for K -+ co, i.e. no rigid matrix present, this term results in the dependence of the Nusselt number on the Prandtl number and as a result Nu= (Pr 4 co)/Nu, (Pr + 0) is nearly 2.
(ii) Boundary term : enforces the no-slip condition at the wall. It causes lower velocities near the wall and, consequently, smaller heat transfer rates as shown in ref. [ll] .
(iii) Separation (velocity-squared) term : expresses the experimental results and accounts for the flow separation as it occurs in flow through the pores and over the rigid matrix. This results in smaller velocities t The vertical com~nent of the pore velocity, ti, is larger than Darcy's filter velocity by a factor of l/s, i.e. u = uu/s.
which leads to Nit, =2x8-'
where it is assumed that the thermal and viscous boundary layer thicknesses are identica1.J The maximum velocity U,,, is equal to 4(27)-l U and takes place at y = 33'6.
By applying x, v&l, and (Tw-Td to scale length, 0 velocity and temperature, we have f In order to avoid confusion a length scale L could be used instead of x, however, since in keeping with the literature the results wili be presented based on x, this was not attempted. The inte~ations have been performed by treating the length scale as a constant.
AX at the initial part of the integration. Then, Ax was rigid matrix is present to that in its absence is reduced until the results no longer changed. A igzj= 0.984Pr"4(l +0.952Pr)-"4~:'2.
PREDICTED RESULTS
The Nusselt number is Assuming that the velocity profile remains the same even for lower permeabilities, the approximate inteNu, = (2/15)"2(y;2PrGr_~)'!2 for <, > 10 (11) grai method, along with the typical profiles, leads to or differential equations for the maximum velocity and the boundary layer thickness. 
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which is independent of x and is generally less than unity. Therefore, for c, > 10 the velocity-squared term is not sjgni~cant. By applying equation (8) t For some foams. In these media F decreases as K increases, also generally K < 1 Om6 m*. $ Generally varies with E and k: 9 Both F and Re, are needed in order to determine the significance of the velocity-squared term.
-. -no inertia boundary and velocity square terms ---Rio velocity square term 10-2' . ' ' ' """_ ' ' ""'l'. of Pr = 0.7 and Gr, = 10'. Table 2 gives the typical values for K, E, and F for foams except for F = 0.5 which is unrealistically high and is included as an example of an extreme case. The results are plotted in Fig. 4 . Equation (1 la) which is valid for <, > 10 is also plotted. Again, even for large values of F the nonDarcy effects are not significant for 5, > 10.
COMPARISON BETWEEN THE EXPERIMENTAL
AND PREDICTED RESULTS Figure 5 shows the temperature distributions for two different locations for the 60 ppi foam. The results for other ppi's and locations were similar to these.
Shown along with the experimental results are the profile results given by equation (6) when 6 was calculated from equation (9). In general, the secondorder profile gives a smaller boundary layer thickness than the similarity solution. Therefore, it is expected that the more exact numerical solutions as given in ref.
[l l] would result in better agreement with experimental results. However, for the prediction of the heat transfer rate, the integral method is sufficiently accurate and also convenient. Table 3 gives the experimental results for the five different foams used. Figure 6 shows the experimental results obtained in this study as well as the similarity solution of ref. [5] . In general, there is good agreement between the measurements and predictions. However, mentioned above is more clearly demonstrated in Fig.  for low permeability media the PC! is relatively small 7. For free convection from a vertical plate, q is proand the finiteness of the foam blocks affects the heat portional to x", where a = -l/4 for no rigid matrix transfer rate through axial conditions. present and a = -l/2 for the Darcian regime. Figure 7 shows the experimental results along with the predicted results that include the non-Darcy effects. As was mentioned the range of 5, encountered in this study is beyond the values for which the nonDarcy effects are significant. Also, the integral solution underpredicts Nu, by 20% for large 5,. In order to include the velocity-squared term, F, x, and Gr, must be specified. The integral solutions are for F = 0.1, x = 10 cm and Gr, = 10'. The low Pk effect In general, the experimental results are in closer agreement with the predicted results which are for Pr = 0.7 and 0.35 and also include the velocitysquared term.
In order to achieve still lower (,, AT was further increased. However, the decrease in /$and the increase in vf, with an increase in temperature, approximately compensated for the increase in AT. Therefore, no further increase in 5, was possible. Also, for T,,, > 160°C the foam began to blacken and deform, and the latter leads to a change in permeability for the portion of the foam adjacent to the wall. Note that in order to keep small, K and T,-T, must be large and x needs to be small. The value of x must be taken such that the nonboundary layer type flow at the leading edge is not included. Therefore, in our experiments, the boundary and development effects in the momentum equation are significant only over a short distance from the leading edge. Considering the relatively large K and T,--T, encountered in these experiments, for air as the fluid and under moderate temperature and pressure conditions, the flow is Darcian over most of the plate.
SUMMARY
The approximate results for natural convection from a vertical plate imbedded in porous media show that for gases and for 5, = 2~: Gr; 'P > 10 the nonDarcy effects are not significant. For 5, < 10 all of these effects can be significant.
Experiments have been conducted for high permeability media and for large ranges of buoyancy potential ; however, comparison with the predicted results shows that all the experimental results are in the Darcian regime. Good agreement has been found for relatively high permeability media. For lower permeabilities, the P&let number is small and the effect of axial conduction becomes significant. Vol. 4, pp. 164. Academic Press, New York (1967 
APPENDIX A
An exponential type profile (due to a no-slip boundary condition) is used by many investigators.
By assuming the following velocity profile (similar to that for temperature) II = U(x)(ly6-')2 (Al) and applying it to equations (2b)-(3b) and dropping the inertia and boundary terms, we have U=yY;'Gr, The Nusselt number, which is equal to (30-l Pr U)"*, then becomes
These results are similar to those found in ref.
[8] using the exponential type velocity profile.
